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Natural occurrence of CDW mirror domains in 1T-TaS 2 and related compounds Despite the degeneracy between α and β domains in 1T-TaS 2 , it is intriguing to note that in an equilibrium IC-to-NC phase transition, only one orientation was observed ( Fig. 2A and S2A ).
Namely, a typical domain size is larger than the characteristic size (300 × 300 µm 2 ) of the TEM sample. The rare coexistence of both mirror domains in a high quality single crystal is consistent with literature reports (22) (23) (24) . Only under special circumstances, such as in de-intercalated potassium-doped 1T-TaS 2 (36), two domains were spotted, probably due to crystallographic defects.
In a closely related compound, 1T-TaSe 2 , α/β boundaries are less rare (22, 23, 37) . The structural properties of 1T-TaSe 2 and 1T-TaS 2 are almost identical, except that the former lacks the NC phase and its transition temperature from the IC to the C phase, T IC-C , is much higher at 473 K (22) . A systematic study is required to compare the average size of mirror domains in 1T- TaSe 2 and 1T-TaS 2 , as it is known that α/β DWs may form due to lattice impurities (38).
By contrast, coexisting α/β domains are routinely observed in other polytypes such as 4H b -and 6R-TaS 2 or TaSe 2 (22, 39, 40) . In these polytypes, octahedrally-coordinated (T) layers are separated by trigonal prismatic (H) layers. Since the √13 × √13 superlattice originates in the T layers (39, 41, 42) , it is suggested that the large separation between adjacent T layers allows the stacking of both α and β domains with minimal energy penalty, giving rise to inter-layer α/β DWs (22, 39) . Without the presence of H layers, the T-T coupling is stronger in the 1T polytype.
This explains why the pulse-induced α/β DWs in the present work favors intra-layer instead of inter-layer configurations (Fig. 2E and S3) : in our 50 nm-thick samples, the energy cost of an inter-layer DW scales with the entire area of the neighboring layers, while that of an intra-layer DW only scales with its length times sample thickness.
Differentiating the amplitude mode from other coherent phonon oscillations
In general, many optical phonons near the Γ point can be coherently excited by a femtosecond laser pulse (43). These phonons in turn modulate the diffraction intensity I(k) ∝ |F(k)| 2 at momentum transfer k by periodically changing the structure factor F(k) due to the movement of ions in a unit cell.
To see why the observed intensity oscillations in Fig. 3A arise from the amplitude mode instead of another coherent phonon, we note that the observed oscillation always starts with the suppression of superlattice peaks, regardless of the diffraction order. By contrast, for a generic phonon oscillation, whether the superlattice peaks are initially suppressed or enhanced depends on the orders.
To understand this difference between the amplitude mode and generic phonons, we explicitly evaluate the diffraction structure factor F(k). Generalizing the result in (27) to the case of a polyatomic crystal with multiple CDW wavevectors, such as in 1T-TaS 2 , we first write the density function of ions ρ(r) in the presence of superlattice modulations specified by
where δ(·) is the Dirac δ function, R specifies unit cell locations, and r α are equilibrium ionic positions within the unit cell in the absence of a charge density wave. A α,i and ϕ α,i are the displacement vector and phase for superlattice modulation Q i , which are generally different for different ions α. Harmonics of the superlattice modulation are not explicitly included, but can be easily incorporated into Q i . Taking the Fourier transform of ρ(r) and including the atomic scattering factor f α (k), the structure factor is
where G is the reciprocal lattice vector that indicates the Bragg order, J n is the Bessel function of the first kind, and n = 0, ±1, ±2, … corresponds to Bragg peak, first-order superlattice peak, second-order superlattice peak, and so on.
We first consider the effect of a generic optical phonon oscillation on superlattice peaks. For simplicity, we only consider the first order (n = ±1). A femtosecond pulse sets the atomic positions r α to oscillate in time, leading to the modulation of |F ±1 (k)| 2 . However, for the same initial change of r α , the superlattice diffraction intensity may either increase or decrease, depending on the Bragg order G in the phase factor of ⋅ in Eq. (2).
Next, we consider the amplitude mode, in which the amplitude of A α,i oscillates around its equilibrium value. In a typical diffraction experiment, k·A α,i ≪ 1, so to the lowest order, fluctuations by considering a large number of peaks in the oscillation analysis. In Fig. 3 , the intensities were averaged over 57 Bragg peaks and 274 α/β superlattice peaks. We also confirmed that the oscillation waveform and frequency are independent of the choice of peaks.
In the α/β state, while Bragg peak intensity contains contributions from both domains, it is possible to separately analyze superlattice peaks in each domain. We plot the oscillatory components in intensities of α, β peaks in fig. S4A and S4B, corresponding to two distinct DW configurations proposed in Fig. 3D and 3E. The respective Fourier transform spectra of each domain are shown in fig. S4C and S4D, where the peak positions are consistent with an exponentially decaying sinusoidal fit.
In the first configuration ( Fig. 3D , S4A, and S4C), amplitude mode oscillations in both domains have identical phase and frequency, which are the same as the case of a single-domain sample ( Fig. 3D , gray line). This observation is consistent with the proposed large domains of either orientation ( Fig. 3D, inset) , where the femtosecond pulse simultaneously excites the same amplitude mode in both α and β domains.
In the second configuration ( Fig. 3E , S4B, and S4D), where α/β DWs were re-introduced into an α-only domain by a femtosecond pulse at room temperature, the amplitude mode significantly softens in the α orientation (2.08 ± 0.04 THz) while it remains unchanged in the β orientation (2.40 ± 0.04 THz). The reason for this distinction between α and β domains is subject to a more systematic investigation, but the asymmetry is not unexpected given the probabilistic nature of DW distribution and the global strain field that favors a single α domain under thermal equilibrium. The oscillation frequency of total superlattice peaks and Bragg peaks is the intensity-weighted average of individual frequencies from each domain ( fig. S4D ), and the 180° phase relation between Bragg and total superlattice peaks is preserved ( fig. S4B ). As explained in the main text, the softened amplitude mode suggests a significant presence of DWs within the α domain, similar to the discommensurate network in the NC phase where neighboring hexagrams suffer a phase slip without any relative rotation.
By analyzing the peak widths, we show below a significant presence of α/β DWs as well, as proposed in the schematic in Fig. 3E . Before proceeding to detailed calculation, here is a summary: broad superlattice peaks in α and β orientations reveal a short CDW correlation length in both cases. A much softened amplitude mode in the α superlattice peaks further indicates the existence of discommensuration-like DWs within the α orientation. These observations hence suggest the following picture of DW formation after a strong pulse arrives at the initial α-only state. As the system relaxes from the transient IC to the equilibrium NC phase (Fig. 4C) , some remnant topological defects induce the local formation of β domains while others lead to phase slips in the original α domain, in addition to the discommensuration DWs in a thermodynamic NC phase. These intra-α phase slips account for the observed soft amplitude mode, while dense α/β DWs account for the small size of β domains. Though additional studies are required to confirm this mechanism, it captures all current experimental evidence within a consistent framework.
In the following calculation, our goal is to estimate the superlattice correlation lengths in both α and β orientations. To minimize statistical errors from choosing any particular peak, the widths of 21 pairs of α/β superlattice peaks were computed in 73 time-resolved diffraction patterns, which were averaged from 3,285 raw images. For each peak, a 13 × 13 pixel 2 ROI was chosen and FWHMs along the horizontal (w x ) and vertical directions (w y ) were extracted from Gaussian fits to integrated intensities in each direction. The experimentally determined width w exp was taken as the geometric mean of w x and w y (15). We plot the histograms of w exp for both α and β superlattice peaks ( fig. S4E ), together with Gaussian fits to determine the average widths w α,exp and w β,exp . The vertical line indicates the instrumental resolution, w 0 , calculated from the narrowest Bragg peaks assuming their width is resolution-limited. We note that both w α,exp and w β,exp are significantly larger than the resolution limit at w 0 , indicating broadened superlattice peaks due to short correlation lengths. For comparison, we performed the same analysis in a control dataset where only a single α domain is present ( fig. S4E, inset) . In this case, the widths of both superlattice and Bragg peaks are resolution limited.
To estimate the superlattice correlation lengths ξ i=α,β = 1/w i , the instrumental width w 0 is excluded (16)
and we obtained ξ α ≈ ξ β ≈ 16 nm, about 13.5 superlattice unit cells. This indicates that the sizes of individual α and β domains are both small.
For α domains, the small size is consistent with the significant presence of discommensuration that dramatically softens the amplitude mode. For β domains, an unchanged amplitude mode frequency implies a dense network of α/β DWs that limit its size, as sketched in Fig. 3E . The large number of α/β DWs necessarily intermix micro domains of both orientations, which can lead to interactions of amplitude modes between α and β domains. Such interaction may account for a shifted starting phase of oscillation in either domain ( fig. S4B ). This is in contrast to the same starting phase when domains are large ( fig. S4A ), where inter-domain phonon interactions are negligible.
Probabilities of creating and annihilating mirror DWs, + and −
We carried out systematic experiments to characterize the probabilities of mirror DW creation ( + , Fig. 4B ) and annihilation ( − , fig. S5F ). At each temperature and fluence, a diffraction pattern was captured after a single pulse was incident on the sample, for a total of 200 pulses.
The pulses were spaced three seconds apart to allow full relaxation of the sample. Integrated intensities of a pair of α/β superlattice peaks were computed in each diffraction pattern. For reference, without any pulse exposure, fig. S5A shows the image-to-image change in integrated intensity in an α-only state under the same camera setting, indicating the level of statistical fluctuation. Intensities were normalized by I 0 , the mean integrated intensity of superlattice peaks in the α-only state.
An example of pulse-to-pulse intensity changes in α and β peaks is shown in fig. S5E , taken at 300 K with an incident fluence of 6.4 mJ/cm 2 . In the corresponding scatter plot ( fig. S5C ), we applied k-means clustering (45) to assign each diffraction into one of the two categories: α state Given the two categories of states, the switching probabilities, ± , were calculated as
where → denotes the number of events in which switching from state i to state j occurs. Error bars in ± were calculated using Wilson interval (46), reflecting a 95% confidence level for the probability estimates. − is not available at low fluences as no α/β state was created, but we expect a vanishing − below a minimum fluence threshold similar to that of + due to the energy barrier for the nonequilibrium NC-to-IC transition.
Simulation of defect concentrations in the transient IC phase
In the proposed mechanism for injecting or removing α/β DWs (Fig. 4C) , the determining factor is the concentration n d of topological defects in the transient IC phase as it begins relaxing to the equilibrium NC phase. For small n d , a predominant single orientation is formed, as in thermal equilibrium. For large n d , domains of either orientation can be locally favored due to defectinduced strains, leading to α/β DWs. In this phenomenological model, we simulate n d after the arrival of each pulse. From the sequence of n d , we calculate ̃+ and ̃− , the probability of switching from low to high n d and the probability of the inverse process. These probabilities are then compared to experimentally determined probabilities of creating and removing α/β DWs, + and − .
Let n i denote the defect concentration in the transient IC phase after the arrival of the i-th pulse.
We express n i+1 in terms of n i as +1 = − Δ decrease + Δ increase (6) where Δ decrease = Θ( − min ) 1 , and
Δ increase = Θ( − min ) 2 ( − min )
Here Θ(⋅) is the Heaviside step function, F denotes fluence, and F min is the minimum threshold fluence. a 1 and a 2 are positive constants of proportionality and the exponent ν characterizes a power-law fluence dependence.
These relations can be understood if we consider the underlying physical process, where an incoming pulse with sufficient fluence (≥ F min ) can simultaneously anneal defects that give rise to α/β DWs (Δn decrease ) and introduce new defects into the IC phase (Δn increase ). In our framework, the threshold fluence F min corresponds to the minimum energy needed for a complete nonequilibrium NC-to-IC phase transition. Above the threshold F min , if all previous defects are annihilated or self-relaxed, we have a 1 = 1. In our simulation, a 1 = 0.43, implying that some remnant defects are persistent in the NC-to-IC transition; this reproduces the important historydependent switching property as mentioned in the main text. For the defect creation process, we assume a power-law fluence dependence. Inter-defect interactions are not included in this simple model, where we consider the dilute limit.
For each fluence F, a sequence {n i } i=1,…,N is generated based on Eq. (6-8), where N = 1,000,000.
An initial value n 0 was randomly selected in the interval [0, n max ], where n max is the maximally allowed defect concentration that corresponds to the maximum size of reoriented domains. The initial seed n 0 does not affect the result due to the long sequence. Each n i in the sequence is bounded above by n max and Gaussian noise with standard deviation of 0.1n max were added to Δn decrease and Δn increase . Similar to the calculation of probabilities ± , we classify each defect concentration n i into high (H) and low (L) clusters, defined by the cutoff at n max /2. Hence, at each fluence, we can compute the corresponding probabilities for switching between high and low defect concentrations ̃+ = |{ | ∈ L and +1 ∈ H}| |{ | ∈ L }| (9) ̃− = |{ | ∈ H and +1 ∈ L}| |{ | ∈ H }| (10) where |⋅| denotes the cardinality.
In fig. S5G , we plot the simulated probabilities ̃± alongside the experimentally determined probabilities ± at 250 K using a threshold fluence F min = 8.23 mJ/cm 2 , a constant a 2 = 0.24, and a power-law exponent ν = 0.18, indicating a good qualitative agreement. In particular, it reproduces the feature where + increases with an increasing fluence, while − has the opposite trend. The feature reflects the fluence-dependent probability of defect creation, as captured in Eq. (8). Hence, despite the simplicity of this model, the underlying physics for DW manipulation is retained.
Landau free energy for mirror symmetry breaking
In Fig. 4C of the main text, we used a tilted Landau free energy to illustrate how topological defects break the local α/β degeneracy during the IC-to-NC relaxation, hence giving rise to the formation of α/β DWs. Here, we write down the simplest form of the free energy responsible for breaking the mirror symmetry in the IC-NC phase transition. We use ψ to denote the order parameter, where ψ < 0 represents an α state while ψ > 0 represents a β state. For simplicity, we limit ourselves to the discussion of breaking the mirror symmetry only; a complete treatment of the phase transition involving a triple-q charge density modulation and discommensuration has been well formulated elsewhere (47-50).
The local free energy density f(ψ) can be written as
( ) = 0 ( − ) , and (12)
The first two terms in Eq. (11) give the usual double-well potential. The |∇ | 2 term represents the energy cost of DWs, characterized by an energy scale set by the "stiffness" constant ξ. The α/β degeneracy is lifted by a coupling of the order parameter to the density of topological defects. Similar to an Ising model with random local fields, this coupling can be written as s(r)ψ to the lowest order in ψ. The coefficient s(r) depends on the spatially-varying densities of topological defects, n α (r) and n β (r), which locally favor α and β orientations respectively. In Eq. (13), c is a constant of proportionality and s 0 > 0 represents a global strain field that prefers the α orientation under equilibrium conditions. In the NC phase where the mirror symmetry is broken, at location r where s(r) > 0 (or < 0), α (or β) orientation prevails.
It remains to be explained why topological defects present at the start of the IC-to-NC relaxation may locally favor one orientation over the other. From a microscopic perspective, one can regard these superlattice defects as pinning sites where the Ta hexagram centers are located. Therefore, a certain local arrangement of defects favors a specific tiling pattern of hexagrams in the NC phase, leading to patches of either α or β domains.
Remarks on fast thermal quench and domain switching
Whenever a broken-symmetry phase has multiple degenerate configurations, it is possible for different domains to coexist. In the case of ferromagnets and ferroelectrics, domains arise due to the presence of a self-induced demagnetization and depolarization field, respectively (2). If these fields do not exist, such as in the present case of a CDW compound, domains can also form due to a fast thermal quench. In this scenario, the phase transition is traversed within a timescale shorter than the time required for different parts of the sample to relax into the same ground state.
As the lattice temperature transiently increases after the laser incidence, one may be tempted to interpret the domain switching phenomena as a result of a fast thermal quench. However, the experimental observation is not consistent with a simple thermal quench scenario and we note two reasons below.
First, as described in the Materials and Methods section, high-quality 1T-TaS 2 samples were prepared by a rapid thermal quench from 920 °C (1193 K) to room temperature. For comparison, we estimate the sample temperature after a laser pulse. Using the data presented in Fig. 2C , an ambient temperature of 300 K and an incident fluence of 7 mJ/cm 2 correspond to a maximum transient lattice temperature of 1110 K (51). Comparing thermal quench during crystal growth and sample cooling after photoexcitation, the changes in temperature are similar. However, as noted earlier, only one domain orientation remains in thermally-quenched single crystals. On the other hand, domain switching is observed to occur after photoexcitation ( Fig. 2 and S2 ). Hence, a rapidly-decreasing sample temperature does not suffice to account for the injection and removal of mirror DWs.
Second, at a higher laser pulse fluence, the IC-to-NC relaxation time is empirically found to be longer (52); such slower relaxation back to the low-temperature CDW phase is a generic feature across many other CDW systems (20, (53) (54) (55) (56) . In a thermal quench scenario, a longer relaxation time disfavors the formation of α/β domains. However, this fluence dependence is contradictory to the experimental observation: the probability of injecting (or removing) domain walls, P + (or P -), increases (or decreases) as the fluence increases ( Fig. 4B and S5F ).
The above discussion suggests that a fast thermal quench is not adequate to explain the observed domain switching; some additional ingredient, such as the presence of defects, is required for α/β DWs to occur. Therefore, our proposed mechanism involves photo-induced topological defects in the transient IC phase, and these defects are a result of an ultrafast phase transition in a highly nonequilibrium regime. A total of 3066 peaks were used from the time-resolved diffraction images corresponding to (B).
Curves are Gaussian fits to the histograms. The dashed line indicates the instrumental resolution, 0 , determined from the narrowest Bragg peaks, whose width is assumed to be resolutionlimited. Right-shifted histograms from 0 indicate short correlation lengths in both superlattices.
Inset, the same histogram plot for a control experiment where only the α domain is present. In this case, the widths of both Bragg and superlattice peaks are limited by instrumental resolution. and ̃− are unavailable due to vanishing probabilities of creating DWs or superlattice defects.
